Prior studies have analyzed growth of musculoskeletal tissues between species or 24 across body segments; however, little research has assessed the differences in similar 25 tissues within a single joint. Here we studied changes in the length and cross-sectional 26 area of four ligaments and tendons, (anterior cruciate ligament, patellar tendon, medial 27 collateral ligament, lateral collateral ligament) in the tibiofemoral joint of female 28
Introduction changing orientation and shape, among others. These age-related changes are 48 influenced by a variety of stimuli including biochemical and cell signaling as well as 49 mechanical loading. 50
Pioneering work by D'Arcy Thompson (12) and many others, have reported 51 changes in the size and shape of biological tissues, resulting in the establishment of 52 many terms and methods for classifying objects during growth. The terms "isometry" 53 and "allometry" describe changes in which the growth of a part do or do not match the 54 growth of the whole, respectively (13). Further research has built on this foundation to 55 better understand morphologic changes in the musculoskeletal soft tissues, often with a 56 focus on differences and similarities across tissues or between species (14-16). In this 57 work, we apply these methods of characterization to different tissues with similar 58 structure and function within a single organ. 59
Additional studies have investigated specific aspects of post-natal growth within a 60 single tissue on the macroscale. For example, the lapine medial collateral ligament 61 (MCL) experiences growth along the full length of the tissue, with larger increases close found that the anterior cruciate ligament (ACL) experiences linear volumetric growth up 69 to 10 years of age, with a plateau in ACL volume during the remaining period of growth 70 during adolescence, showing age-specific allometric growth patterns between the ACL 71 and the body (8). Together, these studies show that ligaments undergo changes in 72 CSA and length during post-natal growth and that tissues near the same joint can 73 undergo different patterns of growth. However, it is unknown if ligaments and tendons 74 within a single joint undergo similar or different changes during post-natal growth. 75
The objective of this study was to analyze the post-natal morphometry of four soft 76 tissues with similar structure and function in the same joint: the ACL, patellar tendon 77 (PT), MCL, and lateral collateral ligament (LCL) of the knee joint. In order to address 78 this objective, we utilized a well-described porcine model to serve as an analog for the 79 human knee (19-21). Magnetic resonance imaging (MRI) was performed to collect 80 high-resolution images of joints from animals of different ages, and the macroscale size 81 and shape of each tissue of interest was analyzed. We assessed the isometry or 82 allometry within and between each of these tissues by comparing relative changes in 83 tissue length and CSA over time. 84
Materials and methods

86
Specimen collection 87
Hind limbs were collected post-mortem from 36 female Yorkshire cross-breed 88 pigs from birth to 18 months of age (n=6/age group, total n=36). Specific age groups 89 and estimated human equivalent age were 0 months (newborn), 1.5 months (early 90 juvenile), 3 months (late juvenile), 4.5 months (early adolescent), 6 months 91 (adolescent), and 18 months (late adolescent). Human age equivalencies were based 92 on a combination of skeletal and sexual age scales in both species (22). The animals 93 used in this study were obtained from a university owned herd, and all animals were 94 healthy and of normal size. Swine were cared for according to the management 95 practices outlined in the Guide for the Care and Use of Agricultural Animals in Teaching 96
and Research and their use in the current experimental protocols were approved by the 97 N.C.S.U. Institutional Animal Care and Use Committee (23). Hind limbs were dissected 98 to the stifle (knee) joint and wrapped in saline-soaked gauze prior to storage at -20°C 99 until further testing. 100
101
Magnetic resonance imaging 102
Limbs were allowed to thaw at room temperature prior to imaging. All limbs were 103 imaged while constrained to full extension (~40° of flexion in the pig) using MRI 104 scanners at the Biomedical Research Imaging Center (BRIC) at the University of North 105
Carolina -Chapel Hill. Due to the small size of the newborn hind limbs and the need 106 for smaller voxel sizes than available on the primary 7.0T scanner, imaging for this group was performed using a 9.4-Tesla Bruker BioSpec 94/30 USR machine (Bruker 108 Synopsys, Chantilly, VA) and 3-dimensional (3D) models were generated for each 121 tissue of interest (ACL, PT, MCL, LCL) ( Fig. 1 ). Models were refined using the "close" 122 and "discrete Gaussian" filters and were exported from the software as .stl files. Models 123 were translated into point clouds, which were then analyzed in a custom Matlab code. 124
Specifically, length was defined as the magnitude of the vector between the centroids of 125 the femoral and tibial insertion sites (ACL, MCL, LCL) or the patellar and tibial insertion 126 Institute Inc., Cary, NC). Statistical analysis of each geometric parameter consisted of a 170 two-way ANOVA with age and tissue type as major effects and a Bonferroni method to 171 adjust for multiplicity and significance set at p≤0.05 (JMP Pro 13, SAS Institute Inc., 172 Cary, NC). For these analyses, tissue type was considered a within-subject variable 173 while age was considered a between-subject variable. Analysis of the log-log plots was 174 accomplished by comparing the slope of the linear regression to the appropriate 175 isometric value by an F-test by using the test statement in PROC REG Procedure (SAS 9.4, SAS Institute Inc., Cary, NC). The adjusted significance level for F-test 177 comparisons was set at p≤0.001. 178 Table 1 ) and CSA (Supplemental Table 2 ) between birth and late 183 adolescence (18 months) in this study ( Fig. 3 ). Increasing age resulted in significant 184 growth in all four tissues of interest (p<0.05). Specifically, the length of the ACL 185 increased 4-fold from an average of 9 mm to 35 mm from birth through late adolescence 186 ( Fig. 3a) . Simultaneously, the average length of the PT increased by 5-fold from 14 mm 187 to 74 mm. The length of the MCL and the LCL also increased by 5-fold ( Fig. 3a ). CSA 188 increases varied across the tissue types. In the ACL, the average CSA increased 10-189 fold from 6 mm 2 to 57 mm 2 between birth and late adolescence (Fig. 3b ). This increase 190 occurred alongside 24-fold (PT), 23-fold (MCL), and 16-fold (LCL) increases in the other 191 ligaments and tendon types (Fig. 3b ). The most rapid periods of growth occurred during 192 the juvenile and early adolescent phases (statistically significant increases between 193 consecutive age groups are highlighted in Fig 3 (p<0.05) ). 194 Table 3 ). For example, at birth, the average ACL length was 25% of the average ACL 203 length at 18 months. Similar length values were obtained at birth for the PT, MCL, and 204 LCL (19%, 20%, and 22%, respectively). Across all ages, these average changes in 205 normalized tissue length were only statistically significant between the ACL and the PT, 206 MCL, and LCL at 1.5 months of age, the ACL and the MCL at 3 months of age, and the 207 PT and the LCL at 6 months of age (p<0.05). Values for CSA were also normalized to the average 18 month value for each 215 tissue ( Fig. 5 , Supplemental Table 4 ). At birth, major differences in the normalized CSA 216 of the tissues were observed. Interestingly, the newborn ACL CSA was only 10% of the 217 average 18 month group value. This normalized CSA value was much higher 218 compared to the other tissues of interest, as the CSA values of the PT, MCL, and LCL 219 were 4%, 4%, and 5%, respectively (p<0.05 vs the ACL, Fig. 5 ). The ACL also had a 220 significantly greater normalized CSA values at 0 and 3 months compared to the other 221 three tissues, and compared to the PT at 4.5 months of age (p<0.05). No significant 222 differences were found between the tissues during adolescence (6 and 18 months, growth for each tissue (Fig. 6 ). The slope of best fit line for the CSA versus length plot 235 of the ACL was 1.54, which was significantly different from the isometric slope of 2 236 (p<0.001) and favored allometric increases in length over increases in CSA. The slope 237 of the CSA versus length plot for the PT was 1.85, which was not significantly different 238 from the isometric slope (p=0.25). Similarly, the slope of the MCL CSA versus length 239 plot (1.84) did not differ from the isometric slope (p=0.08). However, the slope of the 240 LCL CSA versus length plot (1.72) was significantly different from that of an isometric 241 slope (p=0.002) and favored greater length change over CSA change. 
length (Supplemental
Inter-tissue differences in growth 251
Similar analyses were performed to compare log-log plots of morphologic growth 252 across the four tissues of interest in the joint, with varied results depending on the 253 parameter of interest (Fig. 7) . In terms of length, changes favored growth in the PT, 254 MCL, and LCL over the ACL. Specifically, the slopes of the plots for the ACL relative to 255 these tissues were 0.88 (p=0.010), 0.82 (p<0.001), and 0.88 (p=0.006), respectively. Comparisons of the slopes of log-log plots for CSA growth revealed some similar 267 changes (Fig. 8) . The ACL exhibited allometric behavior relative to all three of the other 268 tissues with a slope of 0.68 versus the PT (p<0.001), 0.69 versus the MCL (p<0.001), 269 and 0.78 versus the LCL (p<0.001). In all three of these cases, changes in CSA were 270 greater for the MCL, LCL and PT relative to the ACL. CSA changes were not 271 statistically different from an isometric slope in plots comparing the PT versus MCL 272 (slope=0.96, p=0.11), PT versus LCL (slope=0.85, p=0.75), or the MCL versus LCL 273 (slope=1.10, p=0.08) plots. work was performed to highlight differences in growth in tissues with similar structure in 284 a single joint. Here we presented data showing that all four ligaments and tendons 285 studied in the knee joint increased markedly in size during growth. These changes 286 included 4-to 5-fold increases in tissue lengths from birth through skeletal maturity 287 alongside 10-to 20-fold increases in tissue CSA. However, changes in shape varied 288 between tissues. Specifically, the ACL and LCL experienced allometric growth whereas 289 the MCL and PT grew in an isometric manner. Additionally, while the increases in 290 tissue length were similar across the tissues of interest, CSA changes varied between 291 tissues as the percent change in ACL CSA was lower than in the other tissues. 292
The age-related size increases observed in our study match more limited data in 293 the literature. Additionally, the 2-fold changes we found from juvenile to skeletally 294 mature groups in MCL CSA between were similar in scale to those previously reported 295 during the same time frame in a study of rabbit MCL size (24). Related studies also 296 reported more rapid growth in MCL CSA during the juvenile and early adolescent stages 297 relative to later stages of growth, and our study reflected these findings as well (25). In 298 another study in rabbits, MCL length increased by approximately one third to one half 299 during a 10-week period of juvenile growth (17). Similarly, our findings suggested that 300 the porcine MCL increased by just under one half of its length during a similar time 301 frame. Our data build on these prior reports while allowing direct comparisons between 302 tissues at a wider range of ages. 303
Our findings regarding the growth of the ACL suggest that there are age-specific 304 changes in the geometric proportions of the tissue throughout skeletal growth in the pig 305 model, and that the growth of the ACL does not parallel growth in the other tissues. 306
Similarly, previous studies have shown that the CSA of the human ACL increases in 307 size up to 10-12 years of age but halts in growth prior to the end of overall skeletal growth (8, 26). Additional studies comparing the growth of the human ACL to muscles 309 surrounding the knee have shown more rapid growth in the ACL halting prior to the end 310 of muscle growth (27). Our findings agree with these results demonstrating the 311 allometric growth of the ACL relative to other tissues, while our findings add a more 312 robust look into the timing of ACL growth in a relevant pre-clinical large animal model. 313
In order to extend these findings to the study of human growth, similar data 314 should be analyzed in human subjects. MRI techniques have been previously 315 employed to study the growth of musculoskeletal tissues in human populations, and 316 some of the benefits and limitations of this approach have been described previously. 317
MRI was used to study growth in the pediatric shoulder, where the ability to study 318 changes in bone and soft tissues simultaneously was highlighted (28) . An additional 319
MRI study reported age-related patterns in ligament anatomy including one reporting on 320 the location of the femoral insertions of the collateral ligaments relative to the femoral 321 growth plate (29). Building on works such as these and the techniques described in our 322 study, there is an opportunity to build on our understanding of ligament and tendon 323 growth in human populations. 324
Our study also relates to previous work in the porcine model focused on growth 325 and morphometric changes of bones, while adding data regarding several soft tissues in 326 the knee. Other groups have reported age-related changes in the growth of long bones 327 in the hind-and fore-limbs where they found differences in CSA and length change in 328 the bones of the hind-limb, and variations in growth coefficients between the bones of 329 the hind-limb versus the fore-limb (18). Our findings agreed with this work suggesting 330 that musculoskeletal tissues can undergo shape changes during growth and may occur on altered timelines relative to similar tissues. Furthermore, the porcine model has 332 been used to study tissue mechanics during growth specifically for bone and cartilage 333 (30-32). Thus, the porcine model may also be a valuable tool to study ligament and 334 tendon mechanics during growth. 335
The findings reported here can aide in designing clinical treatments for injured 336 ligaments and tendons. For example, when developing reconstruction treatments for 337 the ACL in growing patients, clinicians may need to be cognizant of age-specific 338 morphology and remaining growth in the knee. The PT is a common graft for the ACL 339 (33); however, if the PT grows at different rates during the healing process or 340 experiences different changes in shape this may not be as appropriate for certain age 341 groups. In order to implement these findings in clinical treatments for human 342 populations, this study should be repeated in a human population to confirm whether or 343 not these findings are species-specific. Given the non-invasive nature of MRI studies, 344
repeating this work with a wide range of ages during growth in a human cohort may 345 reveal interesting differences in the relative size and shape of ligaments and tendons 346 between species and age groups, as well as any interaction between these factors. 347
These data also have implications in basic science research of ligaments and 348 tendons. If developing a biomechanical model of the joint during growth, a single scaling 349 factor cannot be applied across tissues within a single joint to create age-specific 350 designs. Any biomechanical model of the knee should consider the corresponding 351 relationships between length and CSA that are unique to a target age group. While 352 outside of the scope of this project, analysis of the regional biomechanical function of 353 these tendons and ligaments throughout growth may improve our understanding of the mechanisms and implications of these morphometric changes. When considering the 355 consequences of these findings on the field of tissue engineering and applications for 356 ligaments and tendons, tissue-specific growth should be taken into consideration when 357 designing tissue engineered constructs for skeletally immature patients. The study of 358 tissue-specific changes during growth could be applied to other species and tissues. 359
This may reveal significant differences in tissue growth in precocial and altricial species, 360 bipedal and quadrupedal species, and across upper and lower limbs within bipedal 361
species. 362
Moving forward, we plan to replicate this study in male animals in order to 363 investigate the sex-specific changes in soft tissue morphology within the knee. 364
Previous studies showing significant differences in injury patterns between young male 365 and female athletes suggest that the onset of adolescence leads to a disparity in ACL 366 behavior between the sexes (34), and this future work may elucidate the impact of 367 structural changes on these differences. In combination with findings on the specific 368 tissue composition and effects of altered mechanical loading on soft tissue 369 morphogenesis, the porcine model can be used to isolate the underlying mechanisms 370 which inform soft tissue growth in post-natal development. Furthermore, we hope to 371 analyze the biochemical composition of these tissues throughout growth to better 372 understand the underlying changes during growth. 373
Limitations of this study include the cross-sectional experimental design, as all 374 morphological changes between ages are based on data from separate animals. 375
Future work using a longitudinal study design may be able to expand on the power of 376 this work by eliminating inter-specimen variation. An additional consideration is that these findings may be breed specific within the porcine species. As such, it may be 378 informative to repeat these measurements in other common porcine models, such as 379 the Yucatan minipig. Further limitations were introduced by the methodology for length 380 calculations. Specifically, since the geometry of the insertion sites for the ligaments and 381 tendons are complex (and partially out of the field of view in some cases), our length 382 measurements were constrained to the midsubstance of the tissues. Additionally, the 383 CSA measurements for each tissue were gathered from the midsubstance and were 384 averaged across the tissue. Thus, our measurements represent generalized metrics of 385 the tissue substance. Quantification of region-specific variations in size during growth 386 would be an interesting area for exploration. 387
While previous work has shown growth gradients across full limbs or body 388 segments, this has shown that similar tissues within a single joint can grow at different 389 rates. Our findings support previous literature suggesting that age-related morphometry 390 changes vary between tissues in the body, while increasing our understanding of this 391 phenomenon from comparisons between body segments and multiple joints to 392 comparisons between tissues within a single organ. This data has many potential 393 implications in understanding musculoskeletal growth, human clinical applications, and 394 emerging tissue engineering and regenerative medicine therapies. 
